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ABSTRACT 

We report simultaneous X-ray and optical observations of V404 Cyg in quiescence. The X-ray 
flux varied dramatically by a factor of > 20 during a 60 ks observation. X-ray variations were well 
correlated with those in Ha, although the latter include an approximately constant component as well. 
Correlations can also be seen with the optical continuum, although these are less clear. We see no 
large lag between X-ray and optical line variations; this implies they are causally connected on short 
timescales. As in previous observations, Ha flares exhibit a double-peaked profile suggesting emission 
distributed across the accretion disk. The peak separation is consistent with material extending 
outwards to at least the circularization radius. The prompt response in the entire Ha line confirms 
that the variability is powered by X-ray (and/or EUV) irradiation. 

Subject headings: accretion, accretion discs - binaries: close - stars: individual: V404 Cyg - X-rays: 
binaries 
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1. INTRODUCTION 

Accretion onto black holes is observed over a wide 
range of luminosities. While the upper end of the 
luminosity range, including bright X-ray binaries and 
active galactic nuclei, is relatively accessible, quies- 
cent or near-quiescent accretion is more difficult to 
study. There remain large uncertainties about the 
structure of the accretion flow in qu iescence (see e.g., 
iNaravan. Garcia, fc McClintockl I2002D . and it is pos- 
sible that the energy output could be dominated 
by a jet rather than by th e accretion flow itself 
l)Fender. Gallo. fc Jonke r ^OO.S"). These accreting black 
holes emit across the electromagnetic spectrum from ra- 
dio to X-rays, so multiwavelength studies can be used to 
disentangle different sources from different regions of the 
inflow, outflow, or jet, and to establish causal connec- 
tions between them. 

This approach has had very little application for qui- 
escent systems to date. Of the stellar mass black 
hole population, the most accessible quiescent object 
is V4 04 Cyg. V404 Cy g is known to vary in X- 
rays fWagner et al.' '1994; 'Kone et al.' "2002), optical 
ijWagne r et al, 299,2; Casares et aL. .1933: Pavlenko et al.l 
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19961: iHvnes et al.l 1200^ iZurita. Casares. fc Shahba3 
20031 iShahbaz et aljl200l. I R ijSanwal et alJll996D . and 

radio (HicUmi ng et aljl200(TD. b u t noii e of these studies 
were coordinated. iHvnes et all (J2002) established that 
optical emission line variations are correlated with the 
optical continuum. They also found that the emission 
line flares exhibited a double-peaked line profile, sugges- 
tive of emission distributed across the accretion disk (see 
e.g.. lHorne fc Marsh '"1986'l rather than arising in local- 
ized regions. This was attributed to irradiation of the 
outer disk by the variable X-ray source, and hence it 
was predicted that the X-ray variations should be cor- 
related with the optical. Such correlated variability, 
also attributed to irradiation, is commonly seen in X-ray 
brig ht states in both neutron star systems and black holes 
(e.gjGrindlav et alJlT973 iPetro et 311119811: iHvnes et alJ 
Il998t and manv other works), but had not been directly 
observed in quiescent systems. It is also usually only 
detected in the optical continuum yielding no kinematic 
information. 

Here we report initial results from a coordinated, mul- 
tiwavelength campaign to test this prediction. This in- 
cluded X-ray, near-UV, optical, and radio coverage, but 
this letter discusses only the results from comparing X- 
ray data with optical spectroscopy. Future works will 
study the variability properties in more detail and exam- 
ine the broad-band spectral energy distribution. 

2. OBSERVATIONS 

2.1. X-ray data 

Chandra observations on 2003 July 28/29 used the 
ACIS camera, in a single 61.2 ks observation spanning bi- 
nary phases 0.51-0.62. The source was positioned on the 
ACIS-S3 chip and the 1/8 sub-array mode was used to 
reduce the frame-time to 0.4 s and hence ensure that pile- 
up was negligible. Data analysis used Ciao 3.0. Source 
events were extracted from a 3" radius aperture, retain- 
ing events with energies of 0.3-7.0 keV; a total of 1941 
such events were recorded corresponding to an average 
count rate of 0.03cnts" \ a factor of five lower than 
the previous observation ijGarcia et alJl200lt iKong et alJ 
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Fig. 1. — Simultaneous X-ray and optical lightcurves. Annotations refer to pronounced dips in the X-ray lightcurve (D1-D3), selected 
flares (F1-F4), and a flare seen in Ha that is not present in X-rays (X). X-ray data is plotted in 400 s bins, and approximately Icnts"^ 
corresponds to an unabsorbed 0.3— 7.0keV luminosity of 3.2 X lO^'^ergs"^. The flrst half of the optical coverage is from the WHT, the 
second half from Gemini. WHT corresponds to individual 200 s exposures, and Gemini shows 40 s exposures binned by a factor of four 
to match the WHT resolution. The continuum bandpass is 6300-6500 A plus 6620—6820 A. The overall continuum rise is the ellipsoidal 
modulation of the companion star. Error-bars are omitted from the optical data for clarity, but arc much smaller than those on the X-ray 
data. 



|2002|1 . The background count rate was approximately 
constant, produced ^ 4 counts in the source aperture, 
and was neglected for subsequent analysis. The spec- 
trum will not be discussed here, but was very similar 
to that seen bv iKong et al. ( 2002,). Based on this spec- 
trum, and assuming a distance of 3.5 kpc, we estimate 

that Icnts"^ corresponds to an unabsorbed 0.3-7.0keV 

^ I —1 
erg s . 



luminosity of 3.2 x 10^** ■ 



2.2. Optical spectrophotometry 

The first half of our time-resolved optical spectropho- 
tometry was obtained with the ISIS dual-arm spectro- 
graph on the WHT. To maximize efficiency and minimize 
readout time and noise, we used the single red-arm mode 
with the R316R grating and MARC0NI2 CCD. Expo- 
sure times were 200 s, with ~ 17 s dead-time between 
exposures. A 4" slit was used to maximize photometric 
accuracy, so our spectral resolution was determined b 
the seeing (median ~ 1-3"), and was typically ~ 5.5 
(250 km s^^). Bias correction and flat fielding were per- 



formed using standard IRAF^^ techniques. The slit was 
aligned to cover the same comparison star as used for 
our previous observations of the target, and spectra of 
both of these stars, and the nearby blended star, were 
extracted with the same tec hniques previously described 
l|Hvnesll2003 iHvnes et all 120021 Wavelength cahbra- 
tion was performed relative to a single observation of 
a CuNe/CuAr lamp. Time-dependent variations in the 
wavelength calibration were corrected using Telluric ab- 
sorption features. The on-s lit comparis on star was cali- 
brated relative to Kopff 27 ijStondllQT^ . and all spectra 
of V404 Cyg were calibrated relative to this on-slit com- 
parison. 

The second half of our optical coverage was provided by 
the CMOS spectrograph on Gemini-N. We used the R831 
grating and standard EEV CCDs. Exposure times were 
40 s and binning and windowing were used to reduce the 
dead-time between exposures to 12 s. A 5" slit with 1.1" 

IRAF is distributed by the National Optical Astronomy Ob- 
servatories, which are operated by the Association of Universities 
for Research in Astronomy, Inc., under cooperative agreement with 
the National Science Foundation. 
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Fig. 2. — X-ray vs. Ha cross-correlation functions. The solid 
line is derived from the first (WHT) segment. The dashed line 
corresponds to the Gemini segment, terminated after flare F4 to 
avoid contamination by the Ha flare Fjja ■ Positive lags correspond 
to the optical lagging the X-rays. 



median seeing resulted in a spectral resolution of 5.0 A 
(230kms~^). Data reduction, spectral extraction, and 
"wavelength and flux calibration were performed in the 
same way as for the WHT data. Wavelength calibration 
used a CuAr lamp, and flux calibration was performed 
relative to the same on-slit comparison star as used for 
the WHT observations. 

3. LIGHTCURVES 

X-ray and optical lightcurves are shown in Fig.^ Dra- 
matic X-ray variability is clearly present with a dynamic 
range of greater than a factor of twenty, comparable to 
that seen by (Wagner et al. (1994) on longer timescales. 
The lowest count rates seen in three dips (D1-D3) corre- 
spond to a luminosity of < 10'^^ ergs~^, which is compa- 
rable to the X-ray lumino sities of other quiescent black 
holes (jGarcia et alJl200H) . Clear correlations are seen 
between the X-ray flux and that in both Ha and the op- 
tical continuum in overall trends and in the distinct flares 
(e.g., Fi, F2, and F4). One unusually fast X-ray flare oc- 
curred (F3) lasting for < 200 s and reaching a peak count 
rate (unresolved in Fig.0 in excess of 0.25 cnt s~^. While 
Ha generally tracks the X-rays rather well, one Ha flare 
(marked Fhq) occurs when the X-rays are low and de- 
clining; this appears unrelated to X-ray behavior. The 
continuum apparently tracks the X-ray behavior less well 
than Ha. 

To measure the lag between the X-ray and 
Ha lightcurves we calcula ted interpolation cross- 
correlation functions (C CFs; iGaskell fc Petersoi]ll987t 
iWhite fc PetersonI [T99|) . These are shown in Fig. |2 
The WHT and Gemini data were used unbinned, and 
cross-correlated against X-ray lightcurves with 200 s and 
50 s time-resolution respectively. These CCFs exhibit a 
very similar structure to the lin e vs. continuum CCFs 
presented by iHvnes et al.l 1)20021) . There is clearly no 
large lag in the line response to within a few hun- 
dred seconds. Viscous, thermal, and even dynamical 
timescales in the line-formation region are likely to be 
greater than this, so coupling on these timescales is in- 
consistent with the observations. A lag corresponding 



to the light travel time across the disk (< 40 s) is pos- 
sible, and indeed the data suggest a positive lag larger 
than this. We do not claim detection of a non-zero lag 
without more detailed examination of the data, how- 
ever, and defer this to a later work. If the lag is larger 
than expected from light travel times, then one explana- 
tion might be a finite reprocessing time, as this might 
be rather large for t he coo l atmospheres expected in 
the disk in quiescence JCommskv. London, fc Klein 198^ 
iMcGowan etalll2003|l . 

4. LINE PROFILES 

We show in Fig.|21a section of the spectrum of flare Fi, 
calculated as the difference between the spectra during a 
trough at 21.5 hrs and the peak at 22.5 hrs. The Ha 
line clearly exhibits double-peaked enhancements dur- 
in g the flare, si r nilar t o the difference proflles obtained 
by IHvnes et al.l l)2002(l . This indicates that the line re- 
sponse is dominated by the accretion disk rather than 
by the companion star or stream- impact point. We 
have shown a representative optically thin line proflle 
for comparison, smoothed to match the spectral res- 
olution. The only characteristics we have attempted 
to reproduce are the flux and separation of the peaks. 
The other parameters assumed are an inner disk radius 
lO^Rschi black hole mass 12 Mq, and inclination 56° 
(Shahbaz et al. 199i). We assume the emission line sur- 
face brightness varies as R~^-^ l|Horne fc Marshlll986D . 
The peak separation is well fltted assuming a disk with 
outer edge at the circularization radius, estimated to be 
Rr.Wr. = (9.2 ± OA) X 10^^ cm a ssuming parameters f rom 
ICa,sa,res fc CWI^ Ipol and IShahba'zTnil (fT99l . A 
signiflcantly smaller outer disk radius, as shown in Fig.|31 
is not consistent with the data, although it is possible for 
the illuminated region to extend to the tidal truncation 
radius, ~ 1.3 x 10^^ cm. This proflle is clearly inadequate 
in other ways; it does not reproduce the wings or cen- 
tral minimum well, and the asymmetry of the peaks is 
unaccounted for. The key result for our purposes, the 
outer radius of the emitting region, is largely insensitive 
to modiflcations to reproduce the shapes of the wings 
and the core, and the asymmetry, and so is a robust re- 
sult for this flare. The other flares are shorter and/or 
weaker, so the flare line proflle is less well constrained. 

Material outside of i?circ is expected to have a dynam- 
ical timescale of > 6 hrs. This is much longer than most 
of the events in the lightcurve, in particular the early 
rise to Fi from which the flare line proflle was derived, 
and is also much longer than any lag between the X-ray 
and Ha lightcurves (Fig. EJ. The only plausible way to 
couple the whole line proflle to the X-ray variations is 
therefore through irradiation, as the light travel time to 
-Rcirc, ~ 30 s, is easily short enough. We note that the dy- 
namical timescale at i?circ is actually comparable to the 
6 hr quasi-periodicity r eported in both photometr y and 
line be havior bv Casares et al.l l|T993') and Pavlenko et alJ 
lfT99fil) . 

5. FLARE ENERGETICS 

Fig. 21 shows the relationship between X-ray and Ha 
luminosities. There is no evidence for an uncorrelated 
X-ray component; the correlation extends to almost zero 
X-ray flux and the lightcurves show no X-ray features 
which are not reproduced by Ha (except possibly at the 
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Fig. 3. — Optical spectrum near Ha of Fi. The histogram shows 
the data. Note that the continuum flare spectrum has not been 
subtracted; this is approximated by the dashed line. The smooth 
lines show representative optically thin line profiles. The solid line 
corresponds to an outer edge at -Rcircl dashed lines correspond to 
a tidally truncated disk and dotted lines to a disk extending to 
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Fig. 4. — Relationship between X-ray and optical luminosities. 
Conversion to luminosity assumes a distance of 3.5 kpc, constant 
X-ray spectral shape, absorption column 8 X 10^^ cm~ (estimated 
from a power-law fit to the 0.3— 7.0keV spectrum) and optical ex- 
tinction Ay = 4.0. The X-ray emission is assumed to be isotropic. 
Ha emission has been corrected assuming it originates from a disk 
at an inclination of 56° . Solid points correspond to the interval Di- 
D2; open symbols correspond to D2 to the end of F4. The period 
after F4 was excluded due to the presence of the H« flare Fjja. 
Circles indicate WHT data, triangles are from Gemini. Dashed 
lines indicate linear flts. 



very end of the lightcurve). There is, however, an approx- 
imately constant component to the Ha emission, which 
varies only slowly. 

From the linear fits shown in Fig. 01 the variable com- 
ponent of Ha luminosity corresponds to 2.0% of the 
X-ray luminosity in the first segment and 1.2% in the 
second. Neither of the quantities compared are bolo- 
metric luminosities. The observed X-ray luminosity (as- 
sumed to be isotropic) is a lower limit on the bolomet- 
ric irradiating luminosity, which also includes EUV and 
7-ray emission. Ha provides a lower limit on the re- 
processed luminosity. More detailed modeling will be 



needed to estimate these bolometric corrections. If we 
consider only irradiation that can ionize neutral hydro- 
gen (i.e. above 13.6 eV), and below lOOkeV then this is 
unlikely to exceed the X-rays by more than a factor of a 
few; for example, it is about a factor of three for a pure 
power-law spectrum (p hoton index F = 1.8) and a fac- 
tor of five for model 1 of lNaravan. Barret, fc McClintocd 
l)1997|) . Such a low-energy cut-ofi^ is somewhat arbi- 
trary, but is also motivated by the large uncertainty 
concer ning optical synchrotron emission in t he mod- 
els of iNaravan. Barret, fc McClintockl ljl997|) . This 
contributes most of the truly bolometric luminos- 
ity, but is muc h weaker in more recent models (e.g. 
Quataert fc Nar avan 1999; Ball, Naravan, & Quatacra 
200lir Ha will not exceed 20-30 % of the reprocessed 
luminosity, w here the limit co rresponds to Case B re- 
combination ljOsterbrocklll989|) : it is hkely to be sub- 
stantially less than this. Thus the reprocessed fraction 
is likely to be at least a few per cent, although this is 
is not a solid, model-independent constraint. For a thin 
disk and isotropic irradiation, the fraction intercepted is 
approximately H/R, so the lower limit is plausible for 
a central compact X-ray source irradiating a thin disk 
{H/R > 0.02). However, there is also a significant com- 
ponent of the optical continuum which is correlated with 
X-rays (Figs.n&EJ- If this also originates in reprocessed 
X-rays then the reprocessed fraction would be larger, as 
the optical continuum fiux exceeds that in Ha by a factor 
much larger than plausible bolometric corrections to the 
irradiating fiux. This case would then favor an elevated 
or vertically extended X-ray emission geometry which 
allows more efficient illumination of the disk. The vari- 
able optical continuum component could alternativ ely be 
dominated by synchrotr on emission fe-g.- feanbach et alJ 
l20?)lt IHvnes eral]l20?)l . 

6. CONCLUSIONS 

We have established that optical and X-ray variations 
in V404 Cyg in quiescence are fairly well correlated. All 
X-ray variability (accounting for essentially all of the ob- 
served X-ray flux) is mirrored well by Ha, and to a lesser 
extent by the optical continuum. There is clearly an- 
other component of Ha emission, which exhibits rarer, 
or less pronounced variations, but is not completely con- 
stant. The correlated Ha component exhibits double- 
peaked line profiles indicating emission from a disk. The 
peak separation implies that the outer edge of the emit- 
ting region is at or outside the circularization radius. The 
timescales of the fiares, significantly less than the dynam- 
ical timescale at the circularization radius, suggest that 
the X-ray-Ha connection is mediated by irradiation of 
the accretion disk. The correlated Ha has a luminosity 
of approximately 1-2 % of the 0.3-7.0 keV X-ray luminos- 
ity, which is consistent with an irradiation model. Our 
results therefore demonstrate that X-ray/EUV irradia- 
tion has a measurable effect even in quiescent BHXRTs, 
and that optical observations can be used to perform an 
indirect study of X-ray (i.e., inner disk) variability, at 
least for V404 Cyg. 
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